Abstract-We consider an ultra wide band impulse radio multiple access scheme based on time-hopping code under a realistic multipath channel model. As a novelty, we provide a closed-form expression for the variance of the multi-user interference at the output of the rake receiver of the user of interest. That enables us to characterize the optimal time-hopping codes minimizing the multi-user interference variance. Finally we observe through simulations that minimizing the multi-user interference variance translates into better performance by significantly decreasing the error probability.
I. INTRODUCTION
Ultra Wide Band impulse radio (UWB-IR) based communication system has known a growing interest for the last decade. Associated with a multiple access technique such as the time-hopping, this modulation scheme is especially a good candidate for short range wireless communication based network in dense multipath environments.
In this paper, we focus on asynchronous Time-Hopping Codes (THC) impulse radio multiple access demodulated by a rake receiver as described for instance in [1] . In synchronous (or quasi-synchronous) links, the multi-user interference (MUI) may be canceled by the use of orthogonal codes (see e.g., [2] for application to UWB communication systems). Conversely, in asynchronous transmissions, the MUI cannot be nulled and give rise to bit error rate floor which limits the system performance. Different works have tackled the characterization of the MUI in order to predict the performance of the system. Many of them have modeled the MUI as a random Gaussian process either in free-space propagation (see e.g., [1] ), or in multipath channels [3] . Due to this assumption, the resulting MUI does not depend on the code realization and thus no code optimization is possible. Based upon a general channel model, and assuming that the codes as deterministic, we show that the variance of the MUI can be computed in a closed-form expression with respect to the THC sequence. Thus, this gives a way to mitigate the effect of the MUI by selecting the codes carefully. This paper is organized as follows: in Section II, we introduce the time-hopping UWB-IR based system. In Section III, the closed-form expression of the MUI variance at the output of the rake receiver is provided. In Section IV, we discuss about the THC selection. In Section V, we present simulations results particularly the error probability for different THCs selections. Finally, some conclusions are given in Section VI.
II. SYSTEM MODEL

A. Transmitted and received signals
We consider a Pulse Amplitude Modulation 1 (PAM) UWB-IR communication system which employs the time-hopping scheme as code-division multiple-access technique [4] . We consider that is the number of frames of duration
is the impulse of duration is an additive zero-mean white Gaussian noise. For the sake of simplicity, we have assumed that the number of paths is the same for all the users but generalization to a different number of paths per user is straightforward. In the sequel, without loss of generality, we also consider that the delays have been sorted such as
where ¥ is the path power-decay time.
C. Rake receiver
We assume here a generic rake receiver that may select any subset
Let assume that the receiver demodulates symbols of one of the active users, let say user i . Then, the rake output can be written as (assuming
where ¼ is the receiver template for user i . By putting (4) into (5) we obtain : (6) where
is the filtered noise, and do. In practical systems the ISI/IFI can be chosen arbitrarily small regardless of the codes by inserting a guard time, larger than the maximum delay spread of the channel, placed at the end of each frame (see e.g., [4] ). In contrast, the MUI is inherent of the Time-Hopping UWB-IR transmission scheme and can be mitigated only by designing the codes properly. Therefore, as mentioned in the introduction, the rest of the paper will be dedicated to the research of optimal codes that minimize the variance of the MUI.
As all these nuisance parameters. Therefore, the objective of the paper is to derive in closed-form expression the variance of the MUI,
As the time support of 
The computation of the variance of the MUI has been tackled by other authors. The earliest work can be found in [1] for free-space propagation and has been extended to multipath channels in [3] . The difference between those works and our is that they rely upon different assumptions. The main difference is the random assumption for the asynchronism, which they assume to be uniformly distributed over
, whereas we assume that it is uniformly distributed over
. We think this last assumption is more appropriate since the code period is spread over duration allow to consider the frames as independent. Thus, although they consider the case ).
IV. OPTIMAL TIME-HOPPING CODES SELECTION
Expression (15) clearly shows the contribution of the impulse shape through . The interesting property of this expression is that the codes contribution appears in factor of the other terms and thus can be optimized independently from the channel and the pulse shape. We can thus identify a criterion that we may enable us to select pairs of codes, is called an "optimal pair".
Notice that, we have established a criterion that enables us to find optimal pair, but it does not provide any method for constructing the optimal codes. However, for a given user § it is possible, via exhaustive search to find the set of all the optimal pairs ( is too large, exhaustive search fails and elaborating a low-complex constructive method is still an open issue.
All the users (or nodes) belonging to this set, constitutes a network where the users can transmit at the same time while user § is able to demodulate any subset, while experimenting the least MUI possible.
In Fig. 1 , we display the percentage of all possible optimal pairs versus . We observe that this percentage increases when ¤ P increases. Consequently, as soon as ¤ P is large enough, the optimal pairs are not seldom. As an example, for users. The set is as follows:
, and
. We can also remark that in earlier works, due to the assumptions the collision term ó is always equal to i , and thus all the pairs are optimal. Therefore their expression of the MUI variance does not depend upon the codes [1] , [3] . As a conclusion, our result (15) is novel since it is adapted to UWB Impulse Radio scheme, and is useful since it enables us to distinguish the "good" codes from the "bad" codes in a realistic propagation scheme.
V. SIMULATIONS
In this section, we analyze through simulations the influence of the codes on the error probability.
Like [8] , we compute the true error probability at the output of the rake receiver. It is given by
, the transmitted symbol of the user of interest, is fixed and is equal to 
where 5 is the variance of the filtered Gaussian noise À . By considering that optimizing the variance of the MUI with respect to the THC is a relevant task, we have implicitly assumed that the encountered MUI is Gaussian (as in [4] and [3] ). Unfortunately as observed in [9] , the MUI is not Gaussian and the true error probability given by (19) is actually much larger than the error probability calculated under the Gaussian MUI assumption. According to simulation results, we will see that the codes optimization based on the minimization of the MUI variance remains valid in practice, i.e., the error probability (19) for optimized codes is much smaller than for the non-optimized ones.
For the simulations, we consider the channel model CM (denoted¨3¨), all the interfering users use optimal codes. Obviously this last configuration is the best one. In Fig. 2 , the average error probability is plotted versus the average received bit energy to noise ratio, 
